Highly reactive SnO 2 -doped nanocrystalline powders with average particle size of 20 nm and specific surface areas above 30 m 2 / g were obtained through the polymeric precursor method with tin oxalate (SnC 2 O 4 ) as a chloride-free precursor for SnO 2 . Powders and sintered discs were characterized by means of X-ray powder diffraction (XRD), SEM and TEM. The influence of Co and Fe on the microstructure development and on the electrical properties of dense SnO 2 -based ceramics was studied. Co and Fe species were found to decrease in more than 70 8C the sintering temperature of SnO 2 with respect to mixed oxide procedures. Secondary phases enriched in Co and Fe were detected and identified in sintered samples with XRD. Current-voltage curves were registered for electrical characterization. Doping with iron increased the electrical breakdown field and a nonlinearity coefficient of 20 was achieved. #
Introduction
The current interest on tin oxide lies in the wide variety of applications such as solid-state gas sensors, surge arresters (varistors), transparent conductors and oxidation catalysts [1, 2] . Tin dioxide is an n-type wide band gap semiconductor that does not densify when sintered without certain additives. This property has made it an interesting material for gas sensors and catalysts [1, 3] . As well, the microstructure and electrical response of dense SnO 2 -based ceramics have been exhaustively studied since their nonlinear electrical behavior was reported for the first time [4] . Oxides such as CuO [5] , MnO 2 [5] [6] [7] , Co 2 O 3 [8] , Co 3 O 4 [5, 9, 10] , ZnO, CaCO 3 [10] , CoO [4, 6, 7, 11] and CaO are used as sintering aids whereas Nb 2 O 5 [4, 7, 9] , Ta 2 O 5 [8] , V 2 O 5 [12] , Sb 2 O 3 [5, 10] , La 2 O 3 [7] , Fe 2 O 3 [9, 13] , BaCO 3 [14] and Cr 2 O 3 [7, 15, 16] , and have been found to control the electrical conductivity of sintered samples.
SnO 2 -based powders and devices are obtained by means of a variety of synthesis techniques including the mixed oxides route [4] , the polymeric precursors' route [17] and co-precipitation [18] and sol-gel methods [19] . Although it is a time consuming procedure, the use of polymeric precursors have proven significant advantages over the mixed oxides route. For instance, it ensures the homogeneous distribution of the additives in the final sintered piece [20] . The process involves the use of soluble salts of the metals of interest and is based on the ability of a-hydroxycarboxylic acids to form chelates. When heated in the presence of a polyhydroxy alcohol, these chelates undergo polyesterification and the cations remain randomly distributed throughout the resulting polymeric structure. The ignition of the resin removes the organic material and yields a ceramic powder of the desired composition as the residue. Organic precursors provide the combustion heat for calcination as well. Then, if an excess of organics is used, the temperature during burning may exceed the set-point leading to large crystallites and hard agglomerates [21] .
Besides sintering aids, the addition of diverse metal oxides or precursors for oxides is practiced in order to produce electroceramic devices with enhanced properties. The influence of the additives on the sintering behavior and electrical properties of tin oxide is still an issue to be investigated, not only to increase the current knowledge in the field, but also to improve the performance of SnO 2 -based gas sensors and varistors. It has been recently shown that the sensibility and response of SnO 2 gas sensors could be improved by the use of appropriate additives and processing methods [22] . On the other hand, tin chlorides (SnCl 4 , SnCl 2 ) are the most common precursors used in the synthesis of SnO 2 via chemical methods [17, 18, 23, 24] . However, it is known that chlorine ions hinder the densification of the material during sintering. Then, in order to ensure the high densities of the sintered pieces, in this work tin(II) oxalate (SnC 2 O 4 ) was the selected precursor for tin dioxide. The purpose of this paper is to report on the use of SnC 2 O 4 and on the influence of cobalt and iron on the microstructure development and on the electrical properties of SnO 2 -based varistors prepared through the polymeric precursors' method. Table 1 .
Materials and methods

Sample preparation
An alcoholic solution of the additives in the required amounts was added to a tin(IV) solution prepared by the dropwise addition of a HNO 3 solution to SnC 2 O 4 dispersed in water under constant stirring. Then, a solution of citric acid in ethylene glycol, in a 1:4 molar ratio, was added and aged during 24 h under constant stirring with the purpose of promoting the formation of metallic citrates. The transparent solution was heated until an amorphous resin was attained. The resin was heated at 350 8C during 12 h in order to burn off as much of the organics as possible. The resulting black brittle mass was ground, transferred into a large alumina crucible and treated in a muffle furnace at 600 8C for 10 h for thermal decomposition. The resulting powders were milled with the purpose of breaking the possible agglomerates or aggregates of particles. The powders were shaped into discs of approximately 12 mm and 1 mm in diameter and thickness, respectively, by uniaxial pressing at 150 kg/cm 2 . Finally, the samples were sintered in air at 1300 8C for 2 h with heating and cooling rates of 3 8C/min in a Carbolite RHF17/6S furnace.
Characterization techniques
The specific surface area of calcinated powders was determined by means of a Micromeritics ASAP 2010 instrument by means of N 2 adsorption isotherms using the BET theory. The powders were also characterized by Table 1 Selected compositions (mol%) and BET-specific surface areas (SSA) of powders treated at 600 8C transmission electron microscopy (TEM) with a Philips CM200 microscope equipped with a system for energy dispersive X-ray spectroscopy (EDS, PGT). Thermogravimetric analyses (TGA) were carried out in air with a 5 8C/ min heating rate. A Shimadzu TG50 instrument and Pt crucibles were used. The microstructural characterization of the sintered samples was performed by means of SEM (Topcon SM-300) and TEM. Selected area electron diffraction (SAED) patterns were also registered. The method of the interceptions was used to estimate the average grain size of the sintered samples from SEM micrographs [25] and the apparent densities were determined by the Archimedes' method. X-ray powder diffraction (XRD) data were collected with a Rigaku RINT2000 rotating anode diffractometer with Cu Ka radiation (
monochromatized by a curved graphite crystal with a step of 0.028 2u between 208 and 1308 2u.
The sintered discs were lapped as to ensure plane parallel faces where silver electrodes were deposited for electrical characterization. A Keithley 237 high voltage source-measure unit was used to register the current density (J) as a function of the applied electric field (E) at room temperature. The electric breakdown field (E b ) was measured at 1 mA/cm 2 and the leakage current (I l ) at 0.75E b . The nonlinearity coefficient (a) was obtained from the following equation:
where E 10 mA and E 1 mA are the electric fields at current densities of 10 mA/cm 2 and 1 mA/cm 2 , respectively [4] .
Results and discussion
Characterization of the synthesized powders
Fig. 1a corresponds to the TGA curve of the black mass, pre-treated at 350 8C for 12 h, precursor for the SCN composition. According to this curve, a temperature of 600 8C was needed in order to guarantee the complete removal of the 80%-organic content in the pre-treated residue. Fig. 1b shows the XRD pattern of the powder treated at 600 8C for 10 h, which shows broad peaks consistent with nanosized particles. An average crystallite size of 15 nm was estimated with the Scherrer's formula based on the (1 1 0) plane diffraction. The Miller indices provided in the figure were assigned according to the JCPDS 41-1445 file for cassiterite SnO 2 . Secondary phases could not be detected.
Bright-field TEM images of the SNF and SCNF2 powders treated at 600 8C are shown in Fig. 2a and b, respectively. With the aid of SAED it was determined that the powder has crystallized in the cassiterite phase. Lattice fringes of 3.36 Å associated with the (1 1 0) plane of SnO 2 were measured from images registered under high-resolution TEM. No further elements other than tin and oxygen could be detected with EDS. In good agreement with the XRD results, an average particle size below 20 nm was also estimated from TEM analyses for powders treated at 600 8C. Table 1 shows that the specific surface areas of these powders are above 30 m 2 /g. The behavior of pressed powders during sintering was examined by means of dilatometry. Fig. 3a shows the dilatometric curve for the SCN sample where the contraction is seen to occur in two main steps probably due to a broad particle size distribution. A first contraction reaches its maximum approximately at 1120 8C and the maximum shrinkage occurs around 1210 8C. For the sake of comparison, the dilatometric curve registered for the powder of the SCN composition, prepared by the mixed oxides route as described in previous works [26] , is shown as an inset in Fig. 3a . It is observed that, using tin(II) oxalate and the polymeric precursor route of synthesis, the sintering temperature of the typical SCN composition could be reduced in 40 8C. Fig. 3b shows the dilatometric curve of sample SFN in which Fe was used as sintering aid instead of Co. Several shrinking steps can also be observed; the most intense reaches its maximum at 1180 8C and two others at 1290 8C and 1315 8C. Therefore, the total replacement of cobalt by iron would not to be economically advantageous; the addition of 1 mol% of iron shifts away the maximum shrinkage in 100 8C. However, the sintering temperature of the SCN composition could be remarkably reduced in 74 8C by small additions of iron (0.1 mol%) as shown in Fig. 3c for sample SCNF2. The maximum shrinkage for this sample occurs around 1135 8C. The densification temperature decreased significantly because of solid solution formation that leads to an increase in the concentration of oxygen vacancies. It has been demonstrated that when Fe 3+ or Fe 2+ species, as well as cobalt ions, substitute tin(IV) in lattice sites, the oxygen vacancies created for charge compensation enhance the solid-state diffusion mechanisms and the densification of the material [9] . Further reductions of the sintering temperature by adjusting the iron content, without negatively affecting the apparent density, could not be achieved during this study. We conclude, that highly dense tin oxide-based materials, with the SCNF2 composition, may be obtained by sintering at 1140 8C, a considerably lower temperature than the usually reported of 1300 8C for mixed oxide systems. Besides, wet synthesis methods provide a reaction medium that maximizes the contact between the additives in the final powder. This lowers the energy barriers to the lattice substitution reactions that lead to the creation of oxygen vacancies responsible for the densification of tin oxide.
Microstructural properties of sintered samples
The XRD patterns of the sintered samples in Fig. 4a were indexed to the cassiterite phase in agreement with the JCPDS file 41-1445. For the sake of comparison, the pattern of a 100% SnO 2 sample (sample S) synthesized as described above, was also included in Fig. 4 . Interestingly, the magnification of the region between 328 and 448 2u (Fig. 4b) Iron and cobalt showed a great tendency to segregate or to form secondary phases. When higher amounts of Co 3 O 4 (5 mol%) [10] or CoO (2 mol%) [27] are added to SnO 2 in mixed oxide procedures, the diffraction peaks of Co 2 SnO 4 are visible without the need of magnification of the XRD patterns. On the other hand, it has been reported that there is a low probability for iron to extensively form a solid solution with tin oxide because of the different crystalline structure between SnO 2 and Fe 2 O 3 [28] . Nevertheless, the high density of sample SFN and results from previous works [9, 13] prove that a certain degree of solid solution formation of Fe in SnO 2 indeed takes place. An important factor that favors the incorporation of both Co and Fe into the SnO 2 structure is the availability of several oxidation states and, consequently, of a distribution of ionic radii [9] . The solid solution might occur at the grains surface leading to the creation of oxygen vacancies, which enable mass transport mechanisms. Fig. 5 shows the SEM images of the polished and thermally etched sintered samples and Table 2 summarizes the average grain size and the percentage of theoretical density measured for each sample. Although sample SFN showed a higher apparent density than sample SCN, using iron instead of cobalt as sintering aid led to the development of a great amount of particles of a secondary phase in the grain boundary region. These particles, Fe 3 O 4 as determined with XRD, hinder the grains from growing during sintering and are the cause for the smaller average grain size of this sample. In agreement with the XRD results, particles of secondary phases are also visible in the SEM images of samples SCN, and SCNF3; however, they are not evident in samples SCNF1 and SCNF2 with lower iron contents. The addition of 0.05 mol% of Fe to the SCN composition increased the densification and grain size. However, a higher amount of iron led to a decrease in the average grain size without significant variations in the final density. This effect may be related to the segregation of the iron excess toward the grain boundary regions and to the formation of Fe-rich phases.
Particles of minority phases were detected with TEM as well, and their composition determined by means of EDS analyses. Fig. 6a and b shows the TEM images for samples SCN and SCNF2, respectively, and the elemental analysis of the secondary phases detected. According to the EDS and SAED analyses of these particles in the SCN sample, they correspond to the cubic system Co 2 SnO 4 (JCPDS 29-0514) with a lattice parameter of 8.6376 Å. The EDS analysis of the secondary phases found in the SCNF2 shows the presence of Co and Fe in agreement with the XRD pattern in Fig. 4 .
Among the samples characterized, sample SCNF2 showed better microstructural properties. An apparent density of the 99% of the theoretical value for SnO 2 and an average grain size of 5.6 mm. Furthermore, this composition could be sintered below 1300 8C. Fig. 7 shows the current density vs. electric field curves for samples that showed nonlinear electrical characteristics. The E b , I l and a values derived from these curves are shown in Table 2 . The SFN and SCNF3 samples behaved as Table 2 Percentage of SnO 2 theoretical density (r t ), average grain size (d), electric breakdown field (E b ), leakage current (I l ) and nonlinearity coefficient (a) insulating materials at room temperature. The excess of iron seems to be the determining factor in this respect. On the other hand, considering sample SCNF2, the addition of 0.2 mol% of Fe to the SCN composition increased the electric breakdown field but did not practically modified the a coefficient. Although the E b is fairly higher, a decreased for sample SCNF1 and a higher leakage current was measured. It is important to note that this sample showed lower density and poor microstructural properties with respect to sample SCNF2. These SnO 2 -based devices prepared by the polymeric precursor method with SnC 2 O 4 as precursor for SnO 2 , displayed better nonlinear properties than samples of the compositions SCN and SCNF2 prepared by the traditional mixed oxides route, for which a values of 14 and 18, respectively, were measured [17] . In that case as well, the addition of Fe improved the electrical response. Iron species segregate at grain boundaries where they modify the defects profile of the intergranular voltage barriers. Assuming Schottky-type voltage barriers at grain-grain interfaces, the negative surface charge at the interface is compensated by the positive charge in the depletion layers at both sides of the grain boundary [7] . This atomic defects model involves positively charged donors ( [7, 9, 13] . Then, the increased nonlinearity and higher E r for iron-doped samples could be attributed to the segregation of iron to the grain boundary regions. The electrical behavior is intimately related to the microstructure of the material. In fact, the presence of particles that put aside the additives is another factor that modifies the electrical properties.
Electrical behavior of sintered samples
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Conclusions
Highly reactive doped-SnO 2 nanosized powders with high specific surface areas (30 m 2 /g) were obtained through the polymeric precursors' method using SnC 2 O 4 as a chloride-free precursor for SnO 2 . The addition of cobalt and iron species reduced the sintering temperature of SnO 2 with respect to samples prepared by standard mixed oxides procedures, which is of interest for the industrial scaling of SnO 2 varistors. The electric breakdown field of the basic SnO 2 ÁCoOÁNb 2 O 5 composition was increased with the addition of 0.2 mol% of iron. The (Fe,Co,Nb)-doped SnO 2 system displayed a nonlinearity coefficient of 20 confirming its potential application as a high-voltage varistor. It was also determined that the additives formed secondary phases enriched in Co and Fe.
